Effective Lagrangians are a useful tool for a data-driven approach to physics beyond the Standard Model at the LHC. However, for the new physics scales accessible at the LHC, the effective operator expansion is only relatively slowly converging at best. For tree-level processes, it has been found that the agreement between the effective Lagrangian and a range of UV-complete models depends sensitively on the appropriate definition of the matching. We extend this analysis to the one-loop level, which is relevant for electroweak precision data and Higgs decay to photons. We show that near the scale of electroweak symmetry breaking the validity of the effective theory description can be systematically improved through an appropriate matching procedure. In particular, we find a significant increase in accuracy when including suitable terms suppressed by the Higgs vacuum expectation value in the matching.
I. INTRODUCTION
After the end of the LHC Run I and with the start of Run II, the field of particle physics has clearly entered a data-driven era. While we should not entirely dismiss our theoretical or experimental motivations to search for specific models of physics beyond the Standard Model, the amount of available LHC data requires a more model-independent language to analyze and communicate experimental results. This has lead the Higgs [1] [2] [3] , electroweak [4, 5] , top [6] , and dark matter [7] communities to employ effective Lagrangians or related methods to communicate LHC results. Another good example is the recent hint for a 750 GeV resonance, where the limited available data at best allows for an effective theory analysis. Nevertheless, the theory community also illustrated the limits of the effective theory approach by immediately linking the LHC anomaly to any number of models.
This strategy implies that independent of the effective theory being the main theoretical description of a given physics sector, the effective Lagrangian can serve as a means of communication between experiment and theory. To this end it is not necessary to show that an effective theory at the LHC is a fully consistent theory framework; instead, a given effective Lagrangian has to describe the effects of classes of new physics models at the LHC within the expected experimental precision. For Higgs signatures with a wide range of kinematic configurations this question has been studied at length, both for strongly and weakly interacting models [8] [9] [10] [11] [12] [13] . It turns out that the expected measurement uncertainties largely limit us to tree-level effects of new physics, and that an appropriately defined dimension-6 Lagrangian description only breaks down in the presence of new resonance features.
In this paper we extend our effective Lagrangian considerations to systematically include quantum effects. We start by introducing two ways of improving the matching of the effective Lagrangian in Sec. I B and Sec. I C. Both of them target the problem that in the relevant region of parameter space the effective Lagrangian does not have a large scale hierarchy and instead we have to work under the weak condition that after electroweak symmetry breaking the new particles lie just above the weak scale, v Λ.
We then study heavy particle loops contributing to electroweak precision observables (EWPO) in Sec. II. Two representative models for extended scalar sectors allow us to study the underlying features: an additional scalar electroweak singlet, and color-triplet heavy-quark scalar partners. We compute the oblique electroweak precision observables S and T in the full, UV-complete model as well as based on the effective Lagrangian. For the latter we explore several prescriptions for the one-loop matching. With the Higgs portal, contributions from loop-induced operators combine with loop insertions of tree-level operators. For the top partners all new physics effects appear through virtual heavy scalars and loop-induced operators. In addition, top partners feature in general two heavy scales, allowing us to test a dimension-6 description in the presence of multiple mass scales. All these are challenges which our matching prescription for the effective Lagrangian has to face.
Secondly, we study the loop-induced Higgs coupling to photons in Sec III. Because a singlet Higgs portal hardly shows any features in this observable, we now test a two-Higgs doublet model including a charged Higgs boson, as well as the scalar top partner model mentioned above. Again, we show how the choice of matching procedure can significantly and systematically improve the agreement between the effective Lagrangian and the full models.
A. Effective Lagrangian
Effective field theories provide a useful language to communicate experimental results without having to specify any details of an underlying model. At energies below the characteristic UV scale of the new physics sector, only the light states are the physically accessible degrees of freedom. Based on the dynamic degrees of freedom at low energies, symbolically denoted as φ, and the underlying symmetries we define a Lagrangian of the kind
where the heavy field dynamics is described by the Wilson coefficients c i (µ). The effective operators O i (µ) parametrize the local interactions among the light states. The effective Lagrangian of Eq.(1) follows from averaging over short distance effects, which in the functional formalism of QFT means integrating out of the heavy field fluctuations in the UV action path integral [14, 15] . To relate the Wilson coefficients c i (µ) to a set of full model parameters g j (µ) we use the fact that, by construction, the effective Lagrangian reproduces the full model predictions in the low-energy range E < Λ. In quantum field theory observables are derived from one-particle-irreducible (1PI) n-point Greens functions. Therefore, we compute a set of renormalized 1PI Greens functions in the full model and based on the effective Lagrangian setups with help of the packages FeynArts and FormCalc [19] . Both of them we evaluate at an appropriate matching scale µ = Λ,
The matching scale Λ is usually identified with the characteristic UV scale of the effective Lagrangian, above which the high-energy degrees of freedom start to be resolved. * Equation (2) allows us to express each Wilson coefficient in terms of the model parameters. For weakly coupled theories, the matching condition is applied order-by-order in the perturbative expansion, identifying the tree-level 1PI graphs first, and then moving to one-loop and beyond.
In this paper we assume a linear realization of electroweak symmetry breaking with a vacuum expectation value (vev) v = 246 GeV. We truncate our set of operators at dimension-6, which has been shown to be sufficient to describe (most of) the expected LHC observables. Some popular bases of these dimension-6 operators are the Warsaw [16] , HISZ [5] , and SILH bases [2] . All three maximize the use of bosonic operators to describe Higgs and electroweak observables. They can be mapped onto each other using equations of motion, integration by parts, field redefinitions, and Fierz transformations [17] . We use the SILH basis and retain only those operators relevant for Higgs physics at the LHC [2] . The effective Lagrangian truncated to dimension 6 reads
Here, g = e/s w , g = e/c w , and g s stand for the SM gauge couplings and λ denotes the usual Higgs quartic. The dimension-6 Wilson coefficients c i are defined with a universal suppression of 1/Λ 2 rather than the ad-hoc prior of 1/v 2 or 1/m 2 W in the original proposal. The notation of the individual operators follows the notation for the Wilson coefficients, for example
B. v-improved matching
Whenever we discuss the validity of effective Lagrangian approaches we need to keep in mind that the matching of the individual Wilson coefficients to a given full model is not defined uniquely. This is particularly true when the matching scale is not far from the scale at which the electroweak symmetry is broken. A hierarchy of scales Λ v certainly justifies that we define an effective action by integrating out all heavy states in the unbroken phase φ = 0 and truncate that action only including terms up to the order 1/Λ 2 . The Wilson coefficients are by construction independent on the light field masses and low-scale parameters. In this ideal world of new physics governed by a single, very large energy scale, the default matching is free from ambiguities and leads to a rapidly converging effective field theory.
However, at hadron colliders, the numerator compensating the inverse powers of Λ can be any parameter with the appropriate mass dimension, including the partonic collider energy or masses induced by electroweak symmetry breaking. In addition, the relevant heavy mass scale does not have to be a Lagrangian parameter in some interaction basis, it can also be particle masses induced by other mechanism than electroweak symmetry breaking. Examples are vector fermion masses or supersymmetric partner masses, which receive dominant contributions from some heavy Lagrangian parameter, but subdominant effects from the electroweak vev. In this case, electroweak symmetry breaking will in general induce additional scales Λ ± gv from the new physics couplings to the Higgs. The default operator expansion in the unbroken phases removes all contributions of the type v/Λ from the definition of the matching scale and from the dimension-6 Wilson coefficients. If these corrections should be non-negligible it will fail to capture features of the full model. In that case, we can adapt the details of the matching scheme to enhance the level of agreement between the effective Lagrangian and the full model [11] .
In our tree level analysis, we account for v-induced effects in two ways [11] : first, the matching scale Λ is not identified with a Lagrangian mass parameter in the unbroken phase, but with the mass of a physical particle. The masses of the heavy states can lead to more than one heavy scale, with the splitting generated by the electroweak vev. In this case, Λ is identified with the lightest new state by default.
Second, we allow for corrections suppressed by v/Λ in the Wilson coefficients. On the full model side we express the relevant observables in terms of model parameters in the mass-eigenstate Lagrangian, i.e. in terms of masses and mixing angles of the physical states. In this way, one effectively includes corrections from some higher-dimensional operators of the form
n , where the Higgs doublets appear as v-insertions in the broken phase.
We use the name v-improvement for the combination of these two steps. It is worth emphasizing that the vimproved prescription does not introduce additional free parameters, nor does it break any symmetries of the original Lagrangian. In that sense, it describes an equivalent effective Lagrangian. The v-improved matching of a linear realization of electroweak symmetry breaking is also different from the non-linear realization, because we still require that the Higgs boson forms a weakly coupled doublet with the Goldstone bosons.
C. Broken-phase matching
While the v-improvement described above is sufficient to systematically improve the agreement between the full model and the dimension-6 approximation, additional complications arise for loop-induced processes. As mentioned above, the functional approach to the effective Lagrangian is straightforward if the heavy sector can be fully separated from the light fields and integrated out in the path integral. In the case of mass eigenstates affected by mixing of heavy and a light field components, diagrammatic methods can improve the matching between the full theory and the effective Lagrangian [18] . As described in Sec. I A we use standard perturbation theory to compute a set of renormalized 1PI Greens functions to determine the Wilson coefficients order by order in the electroweak gauge coupling and in the mass dimension.
For the case of EW precision observables we rely on the renormalized one-loop gauge boson vacuum polarizations in the UV complete model,
The contributions to the un-renormalized Π V V may be a combination of light, heavy, and mixed light-heavy field loops. All UV divergences are absorbed by the mass and wave function counter terms δm 2 V , δZ V . In this expression we take the limit of large heavy masses and expand Π (R)
In complete analogy, we compute Π V V as a function of the Wilson coefficients in the effective Lagrangian. Also here we can have two types of contributions: light particle loops including effective couplings induced at tree level, and tree-level insertions of loop induced operators. While the former are in general UV divergent, the latter include the relevant counter terms of the Wilson coefficients. Finally, we identify the two renormalized expressions for the Greens function and determine the finite parts of the renormalized Wilson coefficients. We will illustrate for our different examples how this matching procedure based on Greens functions leads to additional contributions to the Wilson coefficients compared to the functional approach.
From the field theory point of view, it is interesting to compare this approach to a leading-log resummation: the scale dependence c i (µ) is the key element which relates the high-scale and low-scale regimes in the effective Lagrangian. We always start with the effective Lagrangian in the unbroken high-scale phase and for instance integrate out the gauge invariant and separately renormalizable heavy sector/heavy fields. Then we match the effective Lagrangian to the full model at the intrinsic heavy mass scale Λ = 2λ 2 v 2 s . To get to the physically relevant energy scales we can either evolve the running Wilson coefficients to the low scale below electroweak symmetry breaking; or we introduce explicit counterterms for the Wilson coefficients entering the low-scale Greens functions, mixing the different dimension-6 operators. Both ways consistently extend the effective Lagrangian to the broken phase and have to lead to the same predictions -to leading-log accuracy in the first case and exactly to fixed order in the second. Figure 1 . Generic Feynman diagrams for the weak boson self-energies using a dimension-6 effective Lagrangian [19] . The shaded dots denote the dimension-6 operators.
II. OBLIQUE ELECTROWEAK PRECISION PARAMETERS
Effects of new physics on the electroweak gauge sectors can be approximately described in terms of oblique parameters. The two most relevant parameters constraining large classes of models are
The self energies Π ( ) are evaluated at zero momentum transfer and can be defined by the dimension-4 Lagrangian
using the standard definitions of the field strengths after electroweak symmetry breaking. Some contributions to Π ( ) are already induced through Standard Model loops, which are removed through the above definition of the parameters S and T . The self energy diagrams are by definition evaluated at zero momentum transfer, which means that the only scales which enter are the weak gauge boson and Higgs boson masses and, in case of new physics contributions, the masses of the new particles.
A. Effective Lagrangian
The definition of the oblique parameters Eq.(6) and some terms in the effective Lagrangian of Eq.(3) are similar in structure. Comparing them we see that new physics effects in the dimension-6 Lagrangian contribute to the Π ( ) in two ways: First, loop-induced dimension-6 operators directly contribute to S and T at tree level. Some corresponding Feynman diagrams are shown in Fig. 1 . The corresponding Wilson coefficients are of the order α em , and we have to include the appropriate counter terms to renormalize the Wilson coefficients. In the operator basis of Eq.(3) the Wilson coefficient c T is responsible for T , while a combination of c B and c W generates a non-zero S parameter,
Second, we can insert operators generated at tree level into Standard Model one-loop diagrams, as shown in Fig. 1 . These operators obviously only exist for models where there are relevant electroweak Wilson coefficients induced at tree level. In that case their contributions to S and T are also of order α em /Λ 2 . To illustrate their structure we look at a generic tree-level-induced Wilson coefficient c H . The two relevant self energy contributions for T in the limit of zero momentum transfer have similar structures,
• LL-TLv: v-improved leading-log, loop-induced Wilson coefficients plus weak-scale loops, where we adjust the matching procedure to include v-induced terms [11] . The matching scale is shifted to the mass of the new state, Λ = m H . In addition, we express the full model predictions in terms of the mixing angle c α , so the corresponding Wilson coefficients become
The explicit scale suppression is now replaced by the dependence on the mixing angle with 1−c α ≈ λ
, neglecting higher powers of v/v s . This modification with respect to the default matching is equivalent to resumming part of the higher-dimensional Higgs vev insertions.
• BP-TL: broken-phase matching, loop-induced Wilson coefficients plus weak-scale loops, where unlike in the LL-TL scheme we now perform the matching with the full operators in the broken phase. The matching based on Greens functions does not change the Wilson coefficient c H entering at tree level, but the loop-induced operators which until now are only included with their leading logs. Choosing the default matching scale Λ = 2λ 2 v 2 s we find
Compared to the LL-L result in Eq. (14), we obtain a finite term −5/2 at order O(v 2 /Λ 2 ) as the genuine contribution from the explicit broken-phase matching.
• BP-TLv: v-improved broken-phase matching, loop-induced Wilson coefficients plus weak-scale loops, where we apply the v-improved matching prescription to the BP-TL setup. Both the explicit matching and the v-improvement can now be regarded as strategies to incorporate vev-dependent corrections to the default ideal(ized) effective theory. Combining all improvements we find for the Wilson coefficients
This result systematically includes the numerically relevant corrections of order v/Λ to the usual matching scheme.
In Tab.I we introduce a set of benchmark points for the Higgs portal scenario, defining two trajectories in m H for given tan β = 10 and s α = 0.1 or s α = 0.3. The self-couplings are related to the mixing angles through In the well-known decoupling limit [23] the two angles are related as s 2 α ∼ 1/(1 + tan 2 β) and for example give s α → 0 together with β → π/2.
In Table II we evaluate the S and T parameters for the full model and confront the results with the different matching schemes. Default, leading-log matching in the unbroken phase (LL-L) essentially does not reproduce the full model, and even v-improvement (LL-TLv) still leads to a poor agreement with the full prediction. The most accurate BP-TLv setup agrees with the full model typically within a few per-cent. However, we also find sizable discrepancies of up to O(30)% for the points S1 and S3, where the relatively low heavy singlet mass ruins the scale hierarchy.
In Fig. 2 we show the decoupling of the oblique parameters for the Higgs portal model and its different dimension-6 approximations. From Eq. (13) we know that both parameters will approach zero in the decoupling limit with a quadratic power suppression, softened by a logarithm log(m H /m h ). The leading power suppression arises through the mixing angle α. To reflect this dependence we keep λ 1,2 constant and vary the heavy Higgs mass m H . Our starting configuration is the benchmark point S4 with s α = 0.3, tan β = 10, and m H = 300 GeV. We then decouple the heavy scalar by increasing the physical mass eigenvalue m H . The lower sub-panels in Fig. 2 correlate the variation of the two mixing angles, which obey s
, with a, b being functions of m h and λ 1,2 . In this situation, the very heavy extra scalar is almost entirely singlet-like, and acquires its large mass through the intrinsic singlet scale |µ
For the S parameter we first observe that not all of the effective Lagrangian approximations give the correct decoupling pattern. Skipping the naive LL-L for now, we see that the leading-log approximation together with the weak-scale loops LL-TL as well as its v-improved counter part LL-TLv significantly disagree with the full model towards large values of m H . The situation only improves once we employ a broken-phase matching in our BP-TL scheme, further enhanced significantly in its v-improved version BP-TLv. This tells us that contributions beyond the plain dimension-6 truncation lead to more accurate results only if the complete O(v) dependence is included. The fact that the simple LL-L approach agrees very well with the full model has to be considered accidental, and we will look at it again below.
Next, we notice that the effective Lagrangians describe the T parameter significantly worse, in particular for small values of the heavy Higgs mass m H . The reason is its enhanced sensitivity to the relative splittings between m W , m Z , and m h , whereas S really only depends on m Z . Among the different approximations we still see that only BP-TLv really describes the decoupling accurately, in complete analogy to the S parameter. Unlike for the S parameter, the naive leading-log approximation LL-L exhibits a poor performance, as expected.
The distinguishing feature of the oblique parameters in this model is their delayed decoupling because of the additional logarithm. To study this logarithmic behavior we show the three different definitions of the dimension-6 predictions compared to the full model for fixed s α in Fig. 3 . In the upper panels we show the S parameter for the Again skipping the LL-L setup for the S parameter for now, we start with the standard leading-log LL-TL scenario. While for small m H this matching scheme seems to agree very well with the full model, at larger m H we see that this agreement is accidental: increasing the hierarchy of scales and reducing the size of the perturbative parameter (in and beyond the logarithm) makes things significantly worse. This is a clear indication that the leading-log approximation of the Wilson coefficients fails. v-Improving the matching procedure for these leading-log terms in the LL-TLv scheme actually worsens the agreement between the full model and the dimension-6 approximation. For both mixing angles it overshoots the full model description by around 50% for low m H and 20% for high m H . As mentioned above, this suggests that in spite of a coincidentally good agreement of the LL-L scheme with the full model the leading-log approximation to the S parameter fails systematically. The behavior of the LL-L curve for s α = 0.3 confirms this picture, because it crosses the full model curve rather than approximating it towards larger m H .
Extending the full LL-TL scheme to include some v-dependent terms through broken phase matching has a sizeable effect on the effective Lagrangian prediction, as was noted also in Ref. [24] . However, it again does not lead to a significant improvement of the m H dependence, either. Only the full set of operators computed without the leading-log approximation and including v-induced effects through v-induced matching in the broken phase leads to an agreement of the full model with the effective Lagrangian at 10 ... 15% for low m H and at 2 ... 4% for large m H . A crucial consistency check is the appropriate log-modulated decoupling behavior towards large m H values, which we only observe for the BP-TLv approach.
Moving on to the T parameter we observe a similar behavior. First, unlike in Fig. 2 we do not observe any curves turning over. Instead, we see that this feature is driven by a very poor description of the logarithmic structure in many of the effective Lagrangian approaches. As expected, the LL-L approach now fails badly, adding the weak loops does not improve the too steep dependence on m H , and v-improvement alone does not help either. Instead, only the properly matched and v-improved BP-TLv scheme leads to an acceptable description of the delayed decoupling of the heavy scalar.
As for the two different ways to improve the matching, we see that v-improvement by itself does not improve the agreement between the dimension-6 approximation and the full model. This illustrates the presence of different orders in the perturbative and the effective Lagrangian expansions: v-improvement resums a subset of d > 6 contributions in (v/Λ) d−2 . When computing quantum corrections, this approach is only meaningful if we first ensure that no equally relevant higher-order terms in the perturbative expansion are neglected. Applying v-improvement combined with full broken-phase matching indeed reconciles the dimension-6 results with the full model. Figure 3 . Dependence of the S (upper panels) and T (lower panels) parameters on the heavy scalar mass mH ≈ Λ for two choices of mixing angles. Because the mixing angle is kept constant in each panel we only see the logarithmic modulation of the decoupling, shown for example in Eq. (13) . The red bar indicates the benchmark points S1 (S4) from Tab. I.
C. Scalar top partners
New colored scalar particles are, strictly speaking, not an extension of the SM Higgs sector, but they can lead to interesting modifications of the LHC observables. We consider a scalar top-partner sector mimicking the stop and sbottom sector of the MSSM. Its Lagrangian has the form †
Here,Q andt R are the additional isospin doublet and singlet in the fundamental representation of SU (3) C . The singlet stateb R is assumed to be heavier and integrated out. This leaves us with three physical degrees of freedom, the scalarst 1 ,t 2 andb =b L . The reminiscent underlying R-parity precludes any linear coupling involving the heavy fields. Thus there are no contributions to the oblique parameters proportional to a tree-induced Wilson coefficient † Unlike for example in Ref. [11] we now define κ LR with a mass dimension, because its potential suppression scale is not uniquely defined once we include different loop-level matching schemes.
inside weak-scale loops. The non-Higgs scalar mass matrix has the form
After diagonalization we can write the physical top partner masses such that they reflect the scale hierarchies of the effective Lagrangian,
where st = sin θt and ct = cos θt, etc. The stop mixing angle itself also depends on M and the κ j , but we keep it in Eq. (22) in the interest of a compact formula. Also shown are the simplified results when assuming a single heavy
Independently of this approximation, the physical mass eigenstates exhibit a mass splitting of O(v 2 /M 2 ) after electroweak symmetry breaking. A detailed description of the model can be found in the Appendix of Ref. [11] .
Assuming, in addition, small mixing st 1 we can approximate the mass spectrum as
In that limit the oblique parameters have a particularly simple analytical form,
Just as for the portal model, in the following we numerically test different approaches to the dimension-6 operator matching for a set of benchmark points given in Tab. III. Unlike for the Higgs portal model, there is no logarithmic term log Λ/µ in the scalar top partner model at one-loop level. The relevant matching schemes are:
• SP1: default matching, in which the full model is matched to the dimension-6 effective Lagrangian in the unbroken phase, and assuming degenerate heavy masses M ≡ MQ L = MT R [15] . As an example, we show the Wilson coefficient contributing to the T parameter,
The approximate form for T shown in Eq. (24) arises already from the first term or in the limit κ LR → 0.
• SP2: non-degenerate masses, where the heavy fields are integrated out following Ref. [13, 25] , allowing for two different mass scales MQ
This form reduces to Eq.(25) in the limit of one mass scale only.
• SPv: v-improved matching, where the two heavy scales MQ L and MT R are traded for mt 1 ≈ mb and mt 2 , respectively. We then find
which has same functional for as in Eq. (26) . In this expression the two left-handed masses mt 1 and mb can be used interchangeably.
• BP1: broken-phase matching, in which case the Wilson coefficients are derived through explicit matching in the broken phase, assuming a single degenerate heavy scale M . We here obtain
As in the expression for the masses in Eq. (22) the appearance of the mixing angles leads to an additional implicit dependence of on mass matrix parameter M and κ j , which we keep in the interest of a compact formula. However, this additional dependence obscures the link to the simple form of c T in Eq. (25) . The new terms appearing through broken-phase matching, as compared to Eq.(25) are proportional to st and hence suppressed for weaklycoupled scenarios. This is different from the Higgs portal case, where broken-phase matching captures finite terms without an extra suppression at small mixing, Eq. (17). This difference can again be explained by the fact that scalar partner effects occur though loops, whereas for the Higgs portal both tree-level and loop-induced operators co-exist.
• BPv: v-improved broken-phase matching, where two separate heavy scales mt 
• BPv': The definition of BPv above is based on the assumption that st is small. If that is not the case, one arrives at a more accurate result by performing the expansion of the full model directly in terms of v/mt 
Note that Eq. (30) For our numerical analysis, we again define some benchmark points in Tab. III. For P1 we assume a single heavy mass scale M and small mixing angle θt, leading to mild mass splittings between the physical heavy-quark partners; for P2 we also use a single heavy mass scale M but a larger mixing angle from a stronger coupling to the Higgs sector; P3 and P4 both have non-degenerate top partners driven by non-degenerate heavy mass scales in the unbroken phase, MQ L = MT R . For these two scenarios the mixing angle is tiny.
In Tab. IV we show the S and T parameters for the different matching schemes and each of the benchmark points. In general, the effective Lagrangian succeeds in reproducing the full results when the new physics is weakly coupled and relatively heavy, e.g. for P1. Small mass splittings m ) key effects in the oblique parameters (24) . On the other hand, the use of v-improvement becomes less straightforward for the case of large mixing, as illustrated by P2. The SPv and BPv schemes, which are based on the assumption that the1 and2 are closely aligned with theQ andt R states, differ drastically from the full model. On the other hand, the BPv scheme, based on a direct expansion in 1/mt
reproduces all benchmark scenarios very well. Thus it is important to note that the principle of v-improved matching is not uniquely defined, but its optimal implementation needs to be worked out separately for each specific model.
In Fig. 4 we see that all matching schemes essentially follow the expected decoupling behavior at the few per-cent level. Differences appear from the way the different schemes account for the non-degenerate top partner masses. Enhancing the mass splitting leads to significantly larger deviations from the full model for effective Lagrangian setups where only one single mass scale is assumed.
Furthermore, we observe a remarkable contribution from the vev-dependent contributions of dimension greater than six, included via v-improvement; for our parameter choices they flip the sign of the deviations from the full model. Such a systematic positive (negative) offset can be understood by the comparably weaker suppression of the v-improved Wilson coefficients, which scale as inverse powers of the physical masses c i ∼ 1/m 2 ti , one of them being lighter than the intrinsic heavy mass scales. A similar trend is observed for the scalar singlet effective Lagrangian in Fig. 2 , although the behavior there is affected by logarithmic modulations and sensitive to the additional v-improved replacement λ 2 3 /(2λ 2 ) → 2(1 − cos α). The additional improvement from broken phase matching is barely visible for each of the scenarios. This is due to the fact that in the scalar top model there are no contributions with both heavy particles and SM particles in the loop, in contrast to the Higgs singlet model. For the mixed heavy-light loops, the broken-phase matching leads to important differences due to the non-negligible mass of the SM gauge and Higgs bosons.
As complementary information we show the MT R -dependence of the Wilson coefficients c T in Fig. 5 . We now compare the different matching schemes to the BPv choice, which includes broken-phase matching, v-improvement, and non-degenerate heavy mass scales. The lower panels illustrate the consistent evolution of the top partner mixing angle towards the decoupling limit. Again, for matching prescriptions assuming a single heavy scale we observe deviations rapidly increasing with the scale separation ∆M .
As alluded to above, large mass splittings are the most serious obstacle in constructing an accurate effective description of the heavy scalar partner sector, in particular when they emerge in the broken phase via large couplings κ i . For Fig. 6 we introduce a mass splitting in the broken phase with mt 1 + ∆M = mt 2 = mb = M , where M sets a common mass scale of the heavy gauge eigenstates MQ L = MT R = M , and ∆M is generated primarily through the v-induced κ LL term in Eq. (22) . We consider three different values for M and a mixing angle θt = −0.01. For each value of ∆M we show the relative deviation of the effective Lagrangian prediction from the full model in the left and center panels. The right panel shows the corresponding variation of the couplings κ j . In general, decoupling leads to decreasing discrepancies between the full model and the effective theory. With increased Higgs couplings, the mass splittings and thus the deviations increase. Interestingly, the observed departures show some systematic behavior, with default matching underestimating and v-improved matching overestimating the full model results. This can be understood as follows: in the limit of small mixing st and small mass differences ∆M , the results for the T parameter in full model, the default matching (SP1), and the v-improved broken-phase matching (BPv) can be approximated as
Due to the mass splitting mt 2 − mt 1 > 0, one thus obtains T SP1 < T full < T BPv in the scenario in Fig. 6 . Similar relations hold for the S parameter. Thus both SP1 and BPv deviate from the full model due to v-induced effects, which in this case are not captured by the v-improvement, but are intrinsic to the EFT expansion itself.
III. HIGGS DECAY TO PHOTONS
While LHC observables in general are dominated by tree-level effects from new physics, there are a few select operators where loop-level modifications can make a difference. These include the Wilson coefficients c γ and c g , since also in the Standard Model they are generated only at the loop level. This is why in many parametrizations these Wilson coefficients are scaled differently [3] . As part of our analysis of loop effects, we include contributions to the decay h → γγ of the SM-like Higgs from electrically charged heavy states in the loop. For example, a charged scalar can be added to the Standard Model contributions, which stem from heavy fermions and the W -boson,
Here, F µν is the abelian photon field strength, and C f and C S include potential color factors, distinguishing for example charged Higgs bosons from scalar top partners. The A f,W,S (τ ) are loop functions [26] , which for on-shell Higgs decays can be expanded in the ratio 1/τ j = m
As is well known, the size of the loop-induced contributions increases with the spin of particle in the loop, and vectors contribute with opposite sign from fermions and scalars (assuming a positive coupling to the Higgs boson). Finally, the τ dependence relative to the low-energy limit τ → ∞ is different as well,
with the largest mass-dependent corrections for a scalar loop. Following this lead we will study two models with additional scalars in this section.
A. Effective Lagrangian
In terms of the effective dimension-6 Lagrangian defined in Eq.(3) the effective Higgs-photon interaction is described by the single operator O γ . It is generated within the Standard Model and by possible new physics particles at one loop. The corresponding Wilson coefficient is normalized such that the effective hγγ interaction becomes
This coupling generates a modified h → γγ decay width of
As long as we are mostly interested in on-shell Higgs decays to photons, there is little to learn from the kinematics of the two photons. We therefore describe new physics effects as well as differences between the full model and the dimension-6 approximation in terms of
Notice that for decay processes that are loop-induced in the full model, such as h → γγ or h → γZ, there are no additional contributions to γγ . Effects from mass pole residue modifications or shifts in the SM input parameters, dubbed residue R and parametric P corrections in Ref. [15] , contribute to higher orders in the effective Lagrangian. Similarly, the leading new physics contributions do not modify the decay kinematics, hence there is no effect from the phase space integration. All these aspects, combined with our conservative choice of benchmark points mean that, unlike for production-side contribution from effective Lagrangians [12] we can linearize the new physics effects in Eq.(37) without ruining the effective Lagrangian approach altogether. Since in the following we focus on additional scalars we can combine Eq. (32) and Eq. (35) to arrive at the general structure of the matching condition
where, as usual, we will study the definition of the matching scale Λ and the treatment of terms suppressed by v/Λ for different new physics models.
neatly separates the decoupling limit m H v, m h [28] from alignment without decoupling, Z 6 → 0 [29] . In general, there exist two sources of new physics contributions to the decay rate h → γγ. First, the SM-like Higgs couplings to the W -boson and the heavy fermions are shifted through the rotation of the Higgs mass eigenstates by an angle α and the rotation of the vevs by an angle β. Second, a charged Higgs loop mediates the effective Higgsphoton coupling following Eq. (32) . In our analysis we will focus on the alignment setup, removing the shifted SM-like couplings from our analysis of the Higgs-photon coupling. The only remaining effect then is the charged Higgs loop contribution. For the two-Higgs-doublet model the loop contribution from the charged Higgs is mediated by the triple scalar coupling
up to corrections of O(c 2 β−α ). The dimension-two coefficient Y 2 generates the heavy doublet mass scale in the gaugesymmetric phase. In the more familiar basis parameters [30] it is given by Y 2 = m As always, we illustrate different matching schemes, attempting to systematically improve the agreement between full model and dimension-6 Lagrangian:
• SP1: default matching, where the full model is matched to the dimension-6 effective Lagrangian in the unbroken phase. Following the general structure of Eq.(38) and assuming the matching scale Λ 2 = Y 2 , we find the relevant Wilson coefficient
• BP1v: v-improved broken-phase matching, where we obtain c γ from the (derivative of the) 1PI photon Greens function in the full model and the effective Lagrangian setups, expanding both sides of the identity to O(v 2 /Λ 2 ), and identifying the matching scale Λ with the charged Higgs mass dΠ γγ dp 2 p 2 =0 = dΠ EFT γγ dp 2
As above, we compute the deviation in the Higgs-photon coupling γγ , defined in Eq. (37), in the full model and in the different matching setups. Two benchmark points defined in Tab. V represent two complementary regimes: The first point D1 features a weakly coupled scenario, where the physical heavy Higgs masses are driven by the doublet mass Y 2 . The second point D2 is strongly coupled, and a sizable fraction of the heavy Higgs mass is generated by nondecoupling contributions proportional to v. Both scenarios satisfy all theoretical and experimental constraints on the model, in particular the charged Higgs mass limits from direct searches [31] and flavor observables [32] . Additionally, in the alignment limit the lightest CP-even mass eigenstate exactly mimics the properties of the SM Higgs, and therefore is in excellent agreement with the LHC data.
The alignment condition fixes α = β − π/2. In this limit, without any mixing between the two doublets, it makes no difference whether c γ is obtained via explicit matching or by integrating out the heavy doublet in the unbroken phase with standard functional methods [33] .
Since the Higgs couplings to fermions play no role here, we do not need to choose a specific setup for the Yukawa couplings. Also, with no loss of generality, we may assume all heavy Higgs companions to be mass-degenerate.
We show results for the full model and its two different matching schemes in Tab. V. First, for the full model we see that taking into account the squared term ∝ c 2 γ in Eq.(37) has no measurable effect, because the charged Higgs effects in general hardly reach the per-cent level. Note that if we attempt to define a benchmark point with order-one deviations from the Standard Model, this picture will of course change, and we would have to adapt our approach [12] .
For the weakly interacting benchmark point D1, the full model prediction is quite accurately reproduced by the effective Lagrangian in either of the two matching schemes. For the strongly interacting point D2 the charged Higgs contributions are driven by sizable v-mediated couplings. The deviations in γγ are one order of magnitude larger than in D1, and the squared terms in c γ gain a little more relevance. The large values of Z 3 , along with the sizeable split between the default matching scale √ Y 2 and the charged Higgs mass, explain the sizeable difference between the full model and SP1 matching. On the other hand, broken phase matching, BP1v, leads to significant improvement over SP1.
C. Scalar top partners
As a second example, we consider the toy model extending the Standard Model by a set of scalar top partners, introduced in Sec. II C. In the spirit of minimal flavor violation, we assume that only the scalar top partners, but not the bottom partner, have sizeable Higgs couplings, The heavy top partners couple to the Higgs boson through the off-diagonal entries in their mass matrix,
Along the lines of Eq. (35) we can relate the Higgs-photon couplings in the dimension-6 Lagrangian to the full top partner model as
To see how accurately the full model prediction for the Higgs-photon coupling γγ is approximated by effective Lagrangian we consider the same matching setups as in Sec. II C:
• SP1: default matching, in which the full model is matched to the dimension-6 effective Lagrangian in the unbroken phase at Λ = M . We assume a common heavy spectrum MQ
• SP2: non-degenerate masses, where we work again in the unbroken phase, but integrate out non-degenerate heavy fields with MQ L = MT R separately [13, 25] 
• SPv: v-improved matching, which starting from the above result is defined through the replacements MQ
• BP1: broken-phase matching, in which case the Wilson coefficients are derived through explicit matching in the broken phase. For a single heavy mass scale M we find For these different matching setups we compute the modifications to the Higgs-photons coupling γγ , as defined in Eq.(37). We use the same benchmarks as in Sec. II C for the results shown in Tab. VI. The digit in parentheses indicates the change when we add the square of the scalar partner loops. The numerical results are similar to those of the oblique parameters in Sec. II C. The very mild offsets between the simple v-improved setup SPv and the full broken phase matching scheme BPv can be attributed to the θt-suppressed contributions in BPv. On the other hand, in contrast to the oblique parameters, we find hardly any effect from a non-degenerate spectrum with large mixing. This is related to the diagonal structure of the electromagnetic coupling, which implies that, unlike c W,B,T , the one-loop contributions to Π γγ do not feature a simultaneous exchange of different mass states. Our effective Lagrangian result for c γ therefore agrees very with the full model, even for the strongly-coupled scenario P2.
In Fig. 8 we study the decoupling behavior of γγ as a function of the heavy partner mass MT R . We consider a weakly-coupled scenario with κ LL , κ LR , κ RR = 0.1, as in benchmarks P3 and P4, and compare it to the case of κ ∼ O(1). We find that the dimension-6 approximation gives an excellent approximation to the full model for M 400 GeV for weak couplings and M 600 GeV for strong couplings. A comparably more dramatic breakdown of the effective Lagrangian appears for M 400 GeV in the strongly-coupled case. Large couplings combined with a small scale separation render the default matching approach inadequate, whereas the v-improved matching agrees with the full model within less than 1% down to M ≈ 250 GeV. In contrast to the oblique parameters, no delayed decoupling is encountered even for large v-induced mass splitting. As mentioned above, this is due to the fact that the two scalar top partner eigenstates do not mix in the hγγ loops. Some other characteristic trends already encountered in the electroweak precision analysis are again visible in γγ : first, the sign of the deviation flips between the default EFT truncation and the v-improved matching, where the latter reproduces the full model predictions much more accurately. Second, the broken-phase corrections from explicit matching are again negligible since there are no mixed heavy-light loops in the scalar top partner model. For the weakly coupled scenario in the left panel of Fig. 8 , we observe unexpectedly good agreement between the SP2 matching, without v-improvement, and the full model. However, this turns out to be simply a numerical coincidence, as can be seen by inspecting the relatively poor performance of SP2 in the scenario in Fig. 8 (right) .
IV. SUMMARY
To justify using an effective Lagrangian, for example truncated at dimension six, we need to either show that higher-dimensional contributions are negligible, or that the effective Lagrangian reproduces the features of classes of complete models. In the second case, the appropriate matching procedure can play a key role, in particular if we integrate out particles right around the scale of electroweak symmetry breaking, i.e. at a scale where the structure of the Lagrangian changes significantly.
At tree level it is known that taking into account terms of the order v 2 /Λ 2 in the definition of the matching scale and in the matching condition can make a sizeable difference [11] . In this paper we have systematically studied possible improvements in the matching procedure at the one-loop level, considering the oblique electroweak parameters S and T , as well as the Higgs decay width to photons. For extended scalar sectors we have confirmed three ways to systematically improve the matching procedure of a dimension-6 Lagrangian with linearly realized electroweak symmetry breaking:
1. v-improving the matching scale and matching condition by expressing them in terms of the (lightest) integratedout particle mass and mixing angles will improve the agreement with the full model, both at tree level and at loop level;
2. determining the matching condition based on Greens functions in the broken phase and including the appropriate v-suppressed terms can lead to a systematic improvement, if combined with v-improved matching;
3. properly taking into account several new physics scales, if present, to avoid issues with mass splittings induced in the unbroken as well as in the broken phase.
Simple and convenient matching schemes based on leading logarithms [20, 34] , in contrast, are not useful for any kind of precision physics. Altogether we have introduced an appropriate matching procedure around the scale of electroweak symmetry breaking, systematically including v-induced effects. We note that it is always possible to find better agreement between full models and the effective with the help of v-improvement, but the appropriate form of the v-suppressed terms depends on the model and the number of scales involved. In particular for the LHC the freedom to optimize the matching procedure will be the key to defining a usable effective Lagrangian approach.
